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ABSTRACT N68- 3 4 7 5 4  
Measurements of stagnation-point heat- t ransfer  r a t e  i n  a nitrogen stream a t  
high ion iza t ion  l eve l s  were made i n  a continuously oFerated arc-heated wind tun- 
nel .  
l ibrium f o r  ionizat ion i n  t h e  boundary layer ,  and an ana lys i s  w a s  made of t h i s  
p a r t i a l l y  equilibrium flow. The r e su l t s  of both theory and experiment show that 
when the  flow i s  p a r t i a l l y  i n  equilibrium, the  t o t a l  heat- t ransfer  rate i s  a-ppre- 
c iab ly  lower than would be predicted by previous theo r i e s .  
vides  a lower l i m i t  on hea t - t ransfer  rate a t t a inab le  by a noncatalytic surface 
i n  t he  ionized regime. 
The stream w a s  thought t o  be frozen f o r  molecular d i ssoc ia t ion  and i n  equi- 
The new theory pro- 
INTRODUCTION 
Measurements of stagnation-point heat- t ransfer  r a t e  i n  highly ionized n i t ro -  
gen have been made i n  a shock tube by Rose and Stankevics.' 
t i ~ n s , ~ j ~  based on the  assumption of equilibrium flow, agreed wel l  with the  
measurements. For continuously operated wind tunnels,  i n  which most reentry 
heat  sh ie lds  a re  tested, t h e  only available data  f o r  ionized flows were taken i n  
an a r c  tunnel.* 
t r ans fe r  rates may be considerably lower than  those observed i n  a shock tube and 
may be lower than those predicted by the ex is t ing  theor ies  f o r  e i t h e r  complete 
equilibrium o r  complete frozen flow. It i s  t h e  purpose of t h e  present  work t o  
confirm that the  heat- t ransfer  r a t e  i s  indeed low when measured i n  a typ ica l  a rc -  
heated wind tunnel  and a l s o  t o  determine the  cause of such a low heat- t ransfer  
r a t e .  
Theoretical  predic- 
These data a re  preliminary, but they ind ica te  that the  heat- 
The pressures  required t o  operate an  arc-heated wind tunnel  produce a flow \ \  v I 
that, i n  general ,  i s  frozen f o r  molecular d i ssoc ia t ion  and i n  equilibrium f o r  
ion iza t ion  in the  boundary layer .  The r a t e  of heat t r ans fe r  a t  the  stagnation 
poin t  of a hemisphere i s  measured i n  t h i s  frozen-dissociated and equilibrium- 
ionized flow and i s  compared with t h e  theo re t i ca l  values calculated f o r  t h i s  
p a r t i a l l y  equilibrium flow. 
w a s  t h e  major uncertainty i n  the d a t a  f o r  ionized flows shown in Ref. 4, a 
spectroscopic technique w a s  used. 
For the  determination of the  stream enthalpy, which 
ANALYSIS 
Basic Equations 
h s s  and momentum. The equations of conservation of mass and momentum i n  
the  boundary layer  a t  t h e  stagnation point of an axisymmetric blunt  body a re  wel l  
known. Taking the  coordinate system as shown i n  Fig. 1, they are 
(Mass) 
(Momentum) 
a a PVY 
ax hY - (PUX) + - (pvy) + R = 0 
P(. 2 + v 5 ")
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The above equations a r e  reduced t o  dimensionless form through t h e  following 
transformation of var iab les .  
5 =lx P e k w x 2  dx 7 r i = g $ y P x d Y  
where + = (d%/dx)ox- 
dimensionless equation, which is ,  a t  the stagnation poin t ,  
Equations (1) and (2)  are then combined i n t o  a s ingle  
where the  prime denotes the d i f f e ren t i a t ion  with respect  t o  7. The boundary 
conditions a re  
v = o ,  f = f ' = O ;  q = o 3  , f ' = 1  ( 5 )  
Species. I n  general ,  there  a re  f ive  d i f f e ren t  species i n  nitrogen f o r  tem- 
They a re  NE, N z ,  N, N+, and e .  pera tures  up t o  20,000° K. 
d i t i o n  of charge neu t r a l i t y  requires  t ha t  the number of pos i t i ve  and negative 
charges be t h e  same, i . e . ,  
Among these ,  t h e  con- 
n(N:) + n(N+) = .(e) (6) 
i n  which n( )  
parentheses.  
denotes the  number density,  ~ r n - ~ ,  of species specif ied wi th in  the  
The concentration of each species i n  t h e  boundary layer  i s  governed by the  
equation of species conservation 
where D i  i s  an appropriately defined d i f fus iv i ty5  ye t  t o  be specif ied.  By 
transforming t h e  coordinates i n  accordance with Eqs. (3) ,  Eq. (7) becomes 
For t h e  d issoc ia t ion  reac t ion  
N2 + M 2 N + N + M (Coll is ional  d i ssoc ia t ion  and ( 9 )  
three-body recomb i n a t  ion)  
where M designates an a r b i t r a r y  t h i r d  body, t he  r a t e  coef f ic ien t  i s  of t h e  
order of 1015 cm6 mole-2 sec - l  f o r  recombination.6 
and a nose radius of 1.27 cm, the RHS (right-hand side) of Eq. (8) i s  always 
much smaller than uni ty  f o r  t h i s  dissociat ion reac t ion .  
neglected f o r  reac t ion  (9) ,  t h a t  i s ,  dissociat ion i s  assumed t o  be frozen f o r  the 
condi t ions of i n t e r e s t .  For t he  ionization process 
For pressures  below 1 a t m  
The RHS of Eq. (8) i s  
N + e 2 N+ + e + e (Coll is ional  ion iza t ion  and 
three-body recomb i n a t  ion) 
t he  rate coe f f i c i en t  i s  derived by Park7 as being approximately 
1.15~10-*~ (~/10,000) cm6 sec . The reac t ion  r a t e  w can be wr i t t en  f o r  -5.27 -1 
t h i s  case; theref ore,  
-5.27 
w(N+] = 1.15x10-~~ 
i n  which 
I where 
The stagnation-point veloci ty  gradient (d+/dx)o i n  the present  t e s t  condi- 
If ~*"116 -.- is fo-md, L,-. ...- 32-3 
0.4O3X1O6 sec-' k 20%. 
approximately 
u b i ~  u t :  i u v u i i ~ e i i  Tiewtuuimi a p p r u x h i i o n ,  i u  be 
The species equation f o r  t h e  process (10) i s  therefore  
Da  = 1 . 4 2 ~ 1 0 - ~ ~ n (  e )  '( T/10,000) - *27 (12) 
The Damkoehler number, Da, i s  found t o  be grea te r  than uni ty  a t  and near the  
boundary-layer edge f o r  a l l  the  conditions studied i n  the  present  work. When t h e  
Damkoehler number i s  l a rge r  than unity,  t he  flow i s  i n  near equilibrium. 
s impl ic i ty ,  therefore ,  the f l o w  i s  assumed t o  be i n  equilibrium f o r  process (10). 
This assumption breaks down i n  t he  low-temperature region near t he  w a l l  where t h e  
temperature, and hence e lec t ron  density, i s  low. Fortunately,  i n  th i s  low- 
temperature region, t he re  i s  molecular species N2 present  which a c t s  as a ca ta -  
l y s t .  I n  the  presence of N2, species N+ can be removed through the  process 
For 
N+ + N 2  --+ NZ + N (Charge exchange) (13) 
(14) + N 2 + e - * N + N  ( D i  s s oc iat  ive  re c omb i n a t i  on) 
8 Because these  a r e  two-body processes and because they have la rge  cross  sec t ions ,  
t h e  absolute  rate of removal of N+ w i l l  be la rge  even when the concentration of 
N2 i s  small. For t h i s  reason, t h e  assumption of equilibrium f o r  process (10) i s  
used throughout t h e  boundary layer .  
The species NZ can be formed through e i t h e r  charge exchange w i t h  atomic 
ions,  process  (l3), or d i r e c t  c o l l i s i o n a l  ionizat ion:  
N2 + e + NZ + e + e (Col l i s iona l  ion iza t ion)  (15) 
However, t he  r a t e  of disappearance, process (14), i s  so  large' that i n  the  
steady s t a t e ,  the absolute concentration of NZ i s  negl ig ib ly  small compared t o  
the concentration of e. 
d i f f e r e n t  from that of N+,' a small percentage of NZ does not a f f e c t  the  t rans-  
p o r t  p rope r t i e s .  
i . e . ,  n(N2) = 0 .  
Because t h e  e l a s t i c  c ross  sec t ion  of N$ i s  not much 
Therefore, the concentration of @ i s  neglected completely, 
Because the re  are four species and because Eq.  (6) and the  equation of state 
impose two conditions,  one needs only two parameters t o  define the  composition of 
t h e  gas .  These a r e  the  ionizat ion f r ac t ion  a and d issoc ia t ion  f r ac t ion  P 
defined as 
The foregoing considerations lead t o  the  concept of a "pa r t i a l ly  equi l ib-  
rium" ionized gas, or more spec i f ica l ly  "equilibrium-ionization, frozen- 
dissociat ion" gas model. 
the  edge of the  boundary l aye r .  I n  t h i s  region, t he re  can be no molecular 
species N2 because they a r e  removed through processes (13) and (14).  
t a i n  poin t  within t h e  boundary layer ,  t h e  temperature w i l l  be such that the  
degree of ionizat ion i s  zero. Between t h i s  po in t  and the  w a l l ,  t he re  are only 
the neut ra l  species N and N2. Because the  d issoc ia t ion  reac t ion  i s  frozen, 
species  N2 can be created only a t  the w a l l  through surface recombination. The 
surface between the two regions w i l l  be ca l l ed  " interface" and w i l l  be denoted 
by the subscr ipt  m. The region between the  in t e r f e re  and. t.he w ~ l l  . r i l l  be 
ca l l ed  "dissociated sublayer .I1 For the purposes of computation, t h e  in t e r f ace  
i s  taken as the  point  where the  equilibrium degree of ion iza t ion  becomes 0.1%. 
The gas i s  considered t o  be i n  equilibrium a t  and near 
A t  a cer-  
The species Eq. ( 8 )  i s  replaced i n  the i m i z e d  r e g i m  5y t h e  Saha eqmi t ion  
which can be wr i t ten  approximately i n  dimensionless form aslo 
I n  t h e  dissociated sublayer, the  species Eq. (8) becomes 
(fj + f p '  = 0 
The d i f f u s i v i t y ,  D, i n  the  parameter b i s  now i d e n t i c a l  t o  t h a t  i n  t h e  work of 
This gives  the  boundary condition at t h e  w a l l  
Goulard." A t  t he  w a l l ,  l i n e a r  surface c a t a l y t i c  reac t ion  rate i s  assumed. 11 
The o ther  boundary condition for  Eq. (17) i s  given a t  the  in te r face ,  
Energy. Two separate energy equations a re  needed f o r  t h e  two d i s t i n c t  
reg ions .  
Pallone3 i s  adopted because it i s  simple, and because the  r e s u l t s  of computations 
by DeRienzo and Pallone agree closely with those of Fay and Kemp2 who used a more 
complex gas model. 
For t h e  equilibrium-ionized region, t he  formulation of DeRienzo and 
Thus t h e  energy equation i n  ionized regions i s  
(Fy + f H '  = 0 
The boundary conditions are: 
For t h e  dissociated sublayer regime, t he  formulation of Goulardll  i s  fo l -  
lowed. 
t i o n  i d e n t i c a l  t o  Eq. (20) i n  appearance. The parameter c i n  Eq. (20) reduces 
The L e w i s  number i s  assumed t o  be uni ty .  This r e s u l t s  i n  an energy equa- 
:' I '  
t o  b of Eq. (8) f o r  t h i s  case,  The boundary conditions are - 
q = O ,  €I=%; q = k ,  H I = %  (22) 
c 
' L  
The enthalpy i s  calculated assuming that v ibra t ion  i s  f u l l y  exc i ted  and frozen 
a t  t h e  value a t  the in t e r f ace .  
Transport Propert ies  
Ionized regime. The t ransport  p roper t ies  f o r  nitrogen required f o r  t h e  
- - 3 . . + : - -  -.F) a:PPhnnm+;ni v n P  
UU*LucI&UU "I U I I L L I L A A V I U I  Yy". (4)  , (IT), end (20 )  E C S t  ha defined S" t.hat. they 
a r e  consis tent  with t h e  der ivat ions of t h e  respect ive d i f f e r e n t i a l  equations.  
For t he  equilibrium-ionized regime, the present  ana lys i s  i s  i d e n t i c a l  t o  t h a t  i n  
R e f .  3; therefore ,  t h e  t ranspor t  p roper t ies  are taken from t h e  same source The 
traaspoort p r o p i - t i e s  
pressures  of 1 a t m  and grea te r ,  by extrapolat ing t o  a pressure of 0.1 a t m  f o r  the 
present study. 
derived f x m  Refs. 9 and 12, vhem they are gi-;en fer 
Figure 2 i s  a p l o t  of p(lOOO/T) agains t  t he  compressibil i ty Z. A s  seen 
from the  f igure ,  the parameter p(lOOO/T) i s  a funct ion mainly of Z and i s  a 
weak funct ion of pressure.  
i s  approximated by the  dashed l i n e ,  
For pressures below 1 a t m ,  therefore ,  t h e  v iscos i ty  
p = 2.66~10'~ X 13.3'9 , poise  Z > 2 (23) 
I n  order t o  solve the  energy equation, it i s  necessary t o  know t h e  r a t i o  of 
Unfortunately, Ref. 12 does not present  co r rec t ,  e x p l i c i t  values of K K/cp. 
or cp. However, they a r e  shown i n  Ref. 3 i n  graphical  form and i n  the  present  
work are read from these graphs. 
aga ins t  Z. The parameter K/cp i s  approximated f o r  pressure below 1 a t m  by 
Figure 3 shows the  va r i a t ion  of ( K / C ~ ) ( ~ O O O / T ) ~  
Equation (24) i s  shown i n  Fig.  3. 
Eq. (24) approaches the  curve f o r  t h e  frozen dissociated regime derived f rom 
Eqs .  (25) and (26). The discrepancy between the  present  values and those of 
Ref. 12 a t  Z = 2 i s  due t o  t h e  difference i n  t h e  assumed chemistry. The data  
i n  Ref. 12 are f o r  equilibrium dissoc ia t ion  while t he  present  ana lys i s  assumes 
the  d issoc ia t ion  t o  be frozen.  
A s  seen from t h e  f igu re ,  as Z approaches 2, 
Dissociated regime. For t h e  dissociated regime, t h e  formulation i s  f o r  a 
frozen flow and therefore  the  frozen t ranspor t  p roper t ies  are required.  
frozen thermal conductivity i s  taken from R e f .  2 as 
The 
, z < 2  0.72 + 1.2813 l + P  K = Q  
Because t h e  v ib ra t iona l  energy i s  assumed t o  be f u l l y  exci ted a t  the  value a t  
the  in t e r f ace ,  the (frozen) specif ic  heat becomes 
cp = 5 R  = 1.479 , J g - l  OK-' Z < 2 ( 2 6 )  
he Prandt l  number i s  assumed t o  be 0.713. The v i scos i ty  i s  derived from 
L'qs. (25) , (26) , and t h e  condition that Prandt l  number i s  0.713. 
assumed t o  be uni ty .  
L e w i s  number i s  
A t  Z = 2, a t ranspor t  property calculated f o r  t he  dissociated sublayer 
must match t h a t  calculated f o r  the ionized l aye r .  
t i e s  determined by Eqs.  (23) t o  (26) do not match exac t ly  a t  point  
a r b i t r a r y  machine f a i r i n g  w a s  applied a t  around 
Because t h e  t ranspor t  proper- 
Z = 2 as shown i n  Figs .  2 and 3 .  
Z = 2, an 
EXPERIMEmL APPARATUS AND TESTING PROCEDURE 
The wind tunnel  w a s  t he  constricted-arc type1= and had a cons t r i c to r  1.27 cm 
i n  diameter and 30.5 cm long, followed by a diverging contoured nozzle of a r ea  
r a t i o  22 (Fig.  4 ) .  
The hea t - t ransfer  rates t o  the  stagnation region of a hemisphere-cylinder 
with base diameter of 2.54 cm were measured with a heat-sink t ransient- type 
calorimeter (Fig.  5 ) .  
0.5 cm long. Both t h e  calorimeter slug and shroud were coated with n icke l .  
The copper calorimeter slug w a s  0.475 cm i n  diameter and 
The calorimeter w a s  inser ted  in to  t h e  center  l i n e  of t h e  stream fo r  pre- 
scr ibed times and w a s  shielded during in se r t ion  and r e t r a c t i o n  from t h e  stream. 
Deta i l s  of t h e  method used t o  determine t h e  hea t - t ransfer  rate from t h e  tempera- 
t u r e  va r i a t ion  of t h e  calorimeter slug are given i n  R e f .  14.  
po in t  pressures  were measured w i t h  a 2.54-cm-diameter water-cooled hemisphere- 
cyl inder  probe which had a 0.318-cm-diameter o r i f i c e  a t  the  s tagnat ion poin t  con- 
nected t o  a strain-gage-type pressure transducer.  
pressures  w a s  0 . 1 t o  0.25 a t m .  
The stagnation- 
The range of s tagnat ion 
The enthalpy of t h e  plasma stream i n  the  s tagnat ion region w a s  determined 
spectroscopical ly  from the  i n t e n s i t i e s  of spec t r a l  l i n e s  radiated from t h e  stag- 
nat ion shock layer.15 A spectrograph w a s  focused on t h e  center - l ine  s tagnat ion 
region of t h e  shock layer .  The in t ens i ty  r a t i o  of l i n e s  var ies  t yp ica l ly  as 
shown schematically i n  Fig.  6. The plateau of the  i n t e n s i t y  r a t i o  shown i n  t h e  
f igure  between the  shock-wave overshoot and boundary-layer region corresponds t o  
t h e  equilibrium, inv isc id  region of the flow. In the  present  t e s t ,  it w a s  found 
t h a t  a t  pressures  approximately equal t o  and above 0.1 a t m ,  t he  shock-wave over- 
shoot w a s  negl igibly small i n  magnitude and width and therefore  the  p la teau  w a s  
w e l l  defined. 
s t a t e  condi t ion i n  the  inv isc id  region whenever the  ion  l i n e  was measurably 
s t rong,  that is ,  f o r  temperatures above approximately 14,000° K. 
range of enthalpies  where the  ion l i n e  w a s  not measurable, an atom-atom l i n e  
i n t e n s i t y  r a t i o  w a s  used. 
7468 NI. The o s c i l l a t o r  s t rengths  of t he  l i n e s  5680 NII and 7468 NI were taken 
from R e f s .  16 and 17 as 0.43 and 0.089. 
6008 N I  w a s  determined experimentally by comparing with the  other two l i n e s  as 
follows . 
An ion-atom in t ens i ty  r a t i o  method15 was used t o  determine the  
For the  lower 
The spec t ra l  l i n e s  chosen were 5680 NII, 6008 NI, and 
The o s c i l l a t o r  s t rength of t h e  l i n e  
Because t h e  ion-atom in t ens i ty  r a t i o  method y ie lds  a temperature that i s  
qui te  i n sens i t i ve  t o  t h e  e r r o r  i n  the o s c i l l a t o r  strengths,15 the  temperature 
can be determined accurately by the ion-atom r a t i o  method without the  knowledge 
of t h e  exact  values of o s c i l l a t o r  s t rengths .  The temperature was f i rs t  deter-  
mined f o r  t h e  high-enthalpy region from t h e  r a t i o s  of 5680 MI vs . 7468 NI and 
5680 NII vs. 6008 NI. 
Coulomb approximation" f o r  t h i s  purpose. 
t u r e  was p l o t t e d  aga ins t  t he  r a t i o  of l i n e  6008 NI vs . 7468 NI. 
f i t  logarithmic curve w a s  determined from t h i s  p l o t .  
0.0435 as t h e  most probable osc i l l a to r  s t rength of l i ne  6008 NI, but  t h i s  value 
i s  subjec t  t o  uncertainty because 7468 NI was used as t h e  reference o s c i l l a t o r  
The osc i l l a to r  s t rength of 6008 N I  w a s  taken from t h e  
The inverse of t h e  r e su l t i ng  tempera- 
Then t h e  b e s t  
This procedure y i e lds  
1 -  
st rength.  
appl ica t ion ,  because it provides a value ca l ibra ted  aga ins t  an accurate 
measurement a t  the same condition. 
Nevertheless, it was considered s u f f i c i e n t l y  accurate  f o r  t h e  present  
A 2.25-meter spectrograph was used f o r  t he  present  t es t .  The i n t e n s i t i e s  of 
t h e  three  l i n e s  were detected by three  photomultiplier tubes.  The entrance and 
e x i t  s l i ts  were 50 and 500 microns wide, respec t ive ly .  Because of the  r e l a t i v e l y  
wide e x i t  s l i t ,  the contr ibut ion of continuum background w a s  not negl igible  and 
w a s  therefore  calculated theo re t i ca l ly  and subtracted from t h e  measured l i n e  
i n t e n s i t i e s .  
t r a n s i t i o n s  i n t o  the atomic nitrosen st,a_t.pg cf principal ~ L E E ~ . ~ J E  IIIXE?E~S 3 snd 4, 
and f ree- f ree  t r a n s i t i o n  (Bremstrahlung). 
t r a n s i t i o n  i n t o  the  states of p r inc ipa l  quantum number 3 were taken from R e f .  19. 
The Gaunt f ac to r s  f o r  t h e  free-bound t r a n s i t i o n  i n t o  t h e  states of p r inc ipa l  
quantum Ember 4 and f ree- f ree  &unt fac+,srs were assiaed tc be t h e  same as fo r  
hydrogen. l8 
and stagnation pressure requi res  an  i t e r a t i o n .  
performed on a d i g i t a l  computer. 
,A 
The continuum w a s  considered t o  or ig ina te  from t h e  free-bound 
The Gaunt f a c t o r s  f o r  t h e  free-bound 
The ca lcu la t ion  of temperature from t h e  measured i n t e n s i t y  r a t i o s  
This i t e r a t i v e  ca lcu la t ion  was 
Enthalpy w a s  then determined from the temperature and impact pressure.  
s c a t t e r  of approximately *3$ w a s  found i n  t h e  enthalpy values r e su l t i ng  from the 
ion-atom l i n e  r a t i o  and +l5$ from the  atom-atom l i n e  r a t i o .  
A 
DISCUSSION OF RESULTS 
Boundary-layer Eqs. (4), (17), and (20) w i t h  the  boundary conditions ( 5 ) ,  
(21) ,  and (22) and expressions f o r  the t ransport  p rope r t i e s  were solved numeri- 
c a l l y  on a d i g i t a l  computer f o r  pressures of 0.1 and 1.0 a t m  and f o r  various 
surface c a t a l y t i c  reac t ion- ra te  constants f o r  atomic recombination. The surface 
temperature w a s  assumed t o  be 500° K.  
t i a l l y  equilibrium flow are shown i n  Fig. 7. 
rate normalized by ( R / P ~ ) ’ ’ ~  and the abscissa i s  the t o t a l  enthalpy. 
curves are f o r  a noncatalytic surface, k, = 0, and give the minimum possible  
hea t - t ransfer  r a t e  because no atoms recombine a t  t h e  surface and the chemical 
energy remains i n  the  gas.  The highest  curves are f o r  a f u l l y  c a t a l y t i c  surface,  
kw = m, and give the  maximum possible  heat- t ransfer  r a t e  because a l l  t he  atoms 
recombine a t  the surface.  The intermediate curves are f o r  surfaces w i t h  
kw = 1,000 and 10,000 cm/sec. 
f o r  a surface temperature of 300’ K f o r  a l imited number of cases.  
w a s  found between the  hea t - t ransfer  r a t e s  f o r  surface temperatures of 300’ and 
500° K. 
The r e s u l t s  of the  ana lys i s  f o r  a par- 
The ordinate i s  the hea t - t ransfer  
The lowest 
Although not shown, t h e  computations were repeated 
No difference 
Since the  hea t - t ransfer  rate t o  a surface w i t h  kw = 1000 cm/sec i s  only 
about 10% higher than t o  a noncatalytic surface,  and since f o r  most materials 
kw 
a f f e c t  the hea t - t ransfer  rate f o r  a nose rad ius  of 1.27 cm and a pressure of 
0.1 a t m .  It can be shown that the  recombination hea t - t ransfer  r a t e  i s  a funct ion 
only of t h e  product 
i s  lower than 1000 c m / ~ e c , ~ , ~ ~  the type of surface does not appreciably 
k a ,  that i s ,  
By use of t h i s  re la t ionship ,  shown i n  Fig. 8, t h e  present  t h e o r e t i c a l  r e s u l t s  
can be extended t o  d i f f e r e n t  pressures  and nose r a d i i .  For f l i g h t  conditions,  
f o r  a f i n i t e  
minimum, qkwzOJ and maximum, qk -, depending on the pressure and nose radius. 
kw, the  hea t - t ransfer  r a t e  can vary over a wide range between t h e  
W 
1 -  
I n  Fig.  9 ,  the present  analysis fo r  a stagnation pressure of 1 a t m  i s  com- 
The norma- pared w i t h  t he  theor ies  of Fay and &mp2 and DeRienzo and Pallone .3 
l i z e d  hea t - t ransfer  rate t o  a noncatalytic surface i s  less than predicted by t h e  
other  theor ies .  
i s  roughly t h e  same as t h a t  calculated by Fay and &mp2 f o r  frozen flow, i n  
which the  w a l l  i s  considered t o  be f u l l y  c a t a l y t i c .  It i s  seen from Fig. 9 that 
the e f f e c t  of surface c a t a l y s i s  f o r  atomic recombination i s  surpr i s ing ly  l a rge .  
From Goulard's theory11 one would expect that the  r a t i o  of t he  atomic recombina- 
t i o n  heat- t ransfer  rate t o  conductive hea t - t ransfer  rate would be equal t o  the  
r a t i o  of the  heat  of d i ssoc ia t ion  t o  frozen enthalpy, that is ,  
cor re la ted  approxmately by 
- For a f u l l y  ca t a ly t i c  surface,  t h e  normalized heat- t ransfer  rate 
I \  = h-/p- E hd/!H-hd) Inste..dj the y e ~ e f i t .  ~nmlfl.ic-il rps1j-lt.s c n n  he ( % - / 9 C . m a X  '-a' 
That i s ,  the  r a t i o  of t h e  two heat- t ransfer  rates i s  grea te r  than expected from 
Goulard's theory11 by a f ac to r  of (I lm/~re)l /~. 
be explained as follows. 
d e f i n i t i o n  of hea t - t ransfer  rates that when 
r a t e s  can be expressed as 
&thematically,  t h i s  increase can 
For the  present ionized flow, it can be shown from the 
k, = my the  r a t i o  of hea t - t ransfer  
0 hd(dp/dy)w 6e 
Since se - pel'' and S, - )4;11'2, Eq. (28) i s  obtained. 
A physical  explanation of t h i s  increase i n  recombination heat t r a n s f e r  i s  
as follows. When the  flow i s  ionized, t h e  Reynolds number increases  and t h e  
Prandt l  number decreases. These two e f f e c t s  oppose each other  and so 6, i s  
e s s e n t i a l l y  unchanged. The interface thickness by however, i s  a f f ec t ed  only 
by the Reynolds number and i s  therefore  reduced, r e su l t i ng  i n  a steeper atom 
concentration p r o f i l e  gradient at the  w a l l .  
Measured heat- t ransfer  rates a re  shown i n  Fig. 10. Compared with t h e  shock- 
tube data of R e f .  1, which are not shown, the present  experimental r e s u l t s  are 
lower by approximately 25% i n  the  mean. 
because of t he  differences i n  boundary-layer chemistry between the  two experi-  
ments. I n  the  experiments of R e f .  1, the stagnation-point pressure w a s  g rea te r  
than 7 a t m ,  so the  flow w a s  i n  equilibrium f o r  both ion iza t ion  and dissociat ion.  
A s  seen from Figs.  7 and 9, one would expect a higher hea t - t ransfer  rate from a 
completely equilibrium flow than from the p a r t i a l l y  equilibrium flow. 
data4 are shown i n  the  same figure where the enthalpy w a s  corrected by about 108 
on the b a s i s  of present  enthalpy measurements. 
were taken a t  pressures  of 0.05 t o  0.08 a t m  with a model of nose radius  4.6 cm, 
the k w m  parameter i s  about the same as that of the present  t e s t s ,  and there-  
fo re  t h e  agreement of t he  data i s  t o  be expected. 
The discrepancy would be expected 
Pope's 
Although Pope's measurements 
Also shown i n  Fig.lQ a r e  the  heat- t ransfer-rate  curves predicted f o r  a non- 
c a t a l y t i c  surface, kw = 0, and a f u l l y  c a t a l y t i c  surface,  k, = 03. 
t he  mean value of t h e  experimental points  i s  grea te r  than the  slopes of pre- 
d i c t ed  curves f o r  a constant react ion r a t e .  
occurs because the present  theory assumes complete equilibrium ioniza t ion  and 
the re fo re  allows f o r  no penetrat ion of t h e  e lec t rons  below the  in te r face .  I n  
t h e  actual case, the e lec t rons  penetrate  below the  in t e r f ace  because t h e  recom- 
b i n a t i o n  rate i s  f i n i t e .  Therefore, t h e  r e a l  e lec t ron  densi ty  p r o f i l e s  would 
tend t o  l i e  between those of t h e  present theory and that of Fay and Kemp2 f o r  
Tne slope of 
This difference i n  slope probably 
I 
I 
frozen flow i n  which both ion iza t ion  and d issoc ia t ion  are assumed t o  be frozen. 
Accordingly, one would expect the slope of the hea t - t ransfer  rate versus enthalpy 
curve t o  l i e  between those of the two theor ies .  
For the present  t es t  conditions i n  which ion iza t ion  i s  near equilibrium, an  
empirical  curve providing the best f i t  f o r  the experimental po in t s  i s  
qJR/p, = -2.4X106 + 0.096% , 90X106 < H& < 175X106 (29) 
where q i s  the hea t - t ransfer  rate i n  watts/meter2, & i s  the t o t a l  stream 
enthalpy i n  joules/kilogram, D, 
R i s  the nose rad ius  i n  meters. The conditions f o r  the a p p l i c a b i l i t y  of t h e  
formula are that t h e  Damkoehler number for  ion ic  recombination i n  the boundary 
layer  be l a rge r  than 1; the Damkoehler number f o r  the atomic recombination be 
much_ smaller than 1; pezmete r  
be within the stated limits. If the above conditions a r e  s a t i s f i e d ,  t h e  empiri- 
c a l  equation can be used t o  determine the enthalpy from the hea t - t ransfer  rate 
without a d i r e c t  measurement of enthalpy. 
is  the  s t agmt i  on-pnint. prpssi_?_rp in qt.mnspheyec, 
kwvQ be hetween 150 and 300; and the entkal2y 
CONCLUSIONS 
The hea t - t ransfer  rates measured i n  an arc-heated wind tunnel  i n  an  ionized 
flow were about 258 lower than those taken i n  a shock tube. The present  r e s u l t s  
a r e  explained by the p a r t i a l l y  equilibrium (frozen-dissociat ion and equilibrium- 
ion iza t ion)  flow i n  the wind tunnel.  In t h i s  type of flow, a surface which i s  
noncatalyt ic  t o  atomic recombination can reduce the hea t - t ransfer  r a t e  by an  
amount equal  t o  (h/~"e)l'~ times the value predicted by the theory of Goulard. 
The present  ana lys i s  of a p a r t i a l l y  equilibrium flow tends t o  underestimate the 
measured results sl ightly in the highly ionized regime. 
t r ans fe r - r a t e  formula i s  given that can be used f o r  determining stream enthalpy 
An empir ical  heat- 
i n  the 
a 
b 














species  i 
PePe 
spec i f i c  heat 
-
PP 
d i f fus ion  coef f ic ien t  
Damkoehler number (Eq. ( 1 2 ) )  
multicomponent d i f fus ion  coeff ic ient  f o r  species i 
stagnation-point veloci ty  gradient a t  edge of boundary layer  
e f f e c t i v e  ionizat ion po ten t i a l  of neut ra l  atoms 
e l ec t ron  
t o t a l  enthalpy 
i 
I '  
Hf H - hd 
cha rac t e r i s t i c  energy of ionizat ion for  nitrogen, 1 .00123X105 Jg' 
h C  
' hd d issoc ia t ion  energy f o r  nitrogen, 3 .359U<lO4 J g - l  
Planck's constant hP 
K thermal conductivity 
k Bolt zmann constant 
surface c a t a l y t i c  atomic recombination rate constant,  cm sec'l kW 
m e lec t ron  mass 
N neu t r a l  atom 
N+ ionized atom 
N2 neut ra l  molecule 
N: ionized molecule 
n( 1 number densi ty  
nE(N) equilibrium number density of neu t r a l  atom (Eq. (11)) 
P pressure 
4 heat - t ransfer  rate 
R rad ius  
a gas constant 
CI Schmidt number - 
SC PD 
T temper a t u r  e 
T C  c h a r a c t e r i s t i c  temperature of ion iza t ion  f o r  nitrogen, 168,621' K 
(Ref. 10) 
u,v x and y component of veloci ty ,  respec t ive ly  
vcu free-stream ve loc i ty  
rate of production of species Ci wi 
X? Y 
Z compressibi l i ty  f ac to r  
zp ,zp+ 
a, P ion iza t ion  and d issoc ia t ion  f rac t ion ,  respec t ive ly  (Eq. (16)) 
6 boundary-layer thickness 
dis tance p a r a l l e l  and perpendicular t o  w a l l ,  respect ively 
p a r t i t i o n  funct ion f o r  neut ra l  and ionized atoms, respect ively 
1 .  
'p viscos i ty  
p density 
1 pc cha rac t e r i s t i c  densi ty  of ionizat ion f o r  nitrogen, 14.59 g cm'3 ( R e f .  10) 
E.,v dimensionless coordinate i n  x and y d i rec t ions ,  respec t ive ly  (Eq. (3))  
u Prandt l  number, 5 
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condition a t  edge of boundary layer 
condition a t  in t e r f ace  
inv i sc id  stagnation region 
condition a t  w a l l  
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FIG. 1. Sketch of Flow Field in the Stagnation 
Region of an Axisymmetric Hypersonic Shock Layer. 
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FIG. 2. Viscosity of Par- 
tially Equilibrium Nitrogen. 
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COMPRESSIBILITY FACTOR, 2 
FIG. 3. K/c Ratio for Par- 
tially Equilibrium P Nitrogen. 
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FIG. 7. Results of Analysis of Heat-Transfer Rate in an 
Equilibrium-Ionized and Frozen-Dissociated Nitrogen Stream. 
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FIG, 10. Heat-Transfer Rate to Nickel 
Surfaces in Ionized Flows of Nitrogen. 
